Abstract-Aortic stiffness predicts cardiovascular mortality and may be influenced by dietary fat composition. The hypothesis that plasma fat composition influences arterial stiffness and subsequent mortality was tested here in a prospective study. A total of 174 randomly sampled nondiabetic participants aged 45 to 74 years were recruited from local populations, stratified by ethnicity and gender, and followed up for mortality. Aortic pulse wave velocity (PWV), blood pressure, and fatty acid composition of plasma lipids were measured at baseline. PWV was associated with increased cardiovascular mortality and inversely related to the proportions of docosahexaenoic (ϭϪ0.22; Pϭ0.02) and arachidonic acids (ϭϪ0.25; PϽ0.001) in plasma lipids. Principal component analyses identified a cluster characterized by higher proportions of palmitate, palmitoleic and oleic acid and lower proportions of linoleic, dihomo-␥ linolenic, and arachidonic acids. This cluster was positively associated with PWV, central adiposity, smoking, and increased mortality (hazard ratio: 1.13; 95% CI: 1.01 to 1.27). A second cluster, with higher proportions of arachidonic, eicosapentaenoic, and docosahexaenoic and lower proportions of oleic, palmitic, and linoleic acid levels, was associated with lower PWV and systolic blood pressure but also decreased risk of mortality (hazard ratio: 0.57; 95% CI: 0.39 to 0.82), independent of PWV and blood pressure. These data suggest that plasma fatty acid profiles characterized by a higher proportion of long-chain polyunsaturated fatty acids are associated with decreased cardiovascular mortality, independent of the impact of aortic PWV. The results are consistent with an effect of dietary sources of n-3 long-chain polyunsaturates influencing arterial stiffness and mortality. 
A diet high in saturated fatty acids and low in polyunsaturated fatty acids is associated with increased risk of atherosclerosis in humans and, experimentally, causes atherosclerosis in nonhuman primates. 1 With increasing age, arteries stiffen because of loss of elasticity, increased arterial calcification, and progressive atherosclerosis. 2 Arterial stiffness has emerged as a strong predictor of cardiovascular mortality. [3] [4] [5] The effect of dietary fatty acid intake on arterial stiffness has been only studied to a limited extent. Hamazaki et al 6 were among the first to report differences in arterial compliance among inhabitants of a Japanese fishing village, which had a low rate of cardiovascular disease, compared with a farming village that had a high rate. This difference was attributed to the long-chain n-3 polyunsaturated fatty acids found in fish, in particular eicosapentaenoic acid (20:5n-3; EPA) and docosahexaenoic acid (22:6n-3; DHA). The initial observation was confirmed in a follow-up study. 7 Wahlqvist et al 8 found an association between arterial stiffness and fish consumption in a cross-sectional study of diabetic patients in Australia. The assessment of large artery stiffness by determining, generally, aortic pulse wave velocity (PWV) has been well validated and has been widely used in the cohort studies.
Despite evidence of an inverse relationship between intakes of linoleic acid and long-chain n-3 polyunsaturated fatty acids with mortality, 9,10 studies linking plasma fatty acid composition and mortality are sparse. 11 The fatty acid composition of total plasma lipids is a reliable marker of the intake of linoleic acid and long-chain n-3 polyunsaturated fatty acids. [12] [13] [14] We have also established that, in these northwest London communities, there were clear differences in dietary intakes between ethnic groups, notably, very little long-chain polyunsaturated acids because of no fish intake in vegetarians. 15 In our previous report, differences in arterial stiffness predicted mortality across the range of glucose tolerance in this community. 16 The relationship between patterns of plasma polyunsaturated fatty acid composition and arterial stiffness has not been investigated. We tested the hypothesis that baseline fatty acid composition of total plasma lipids would not only be related to arterial stiffness at baseline but also to subsequent mortality in an ethnically diverse prospective cohort with different patterns of fat intake.
Methods
A random sample of people aged 45 to 74 years was drawn from population registers held in 2 northwest London health centers, stratified by age and gender in 1987 to 1988. The study included the 3 main local ethnic groups: people of European, African-Caribbean, or Gujarati Indian origin. Ethnic group defined by self-reported grandparental origin (Ն3 of 4 grandparents in a particular group), anthropometric, and other details were described earlier. 17 A subset of 174 participants without known diabetes mellitus, selected randomly, had PWV measurements. Follow-up was via tagging of death certificates at the Office of National Statistics (now National Health Service Information Centre) in the United Kingdom. Their quarterly reports recorded dates and causes of death or emigration, here censored at March 31, 2008 . Research ethics approval for the study and mortality follow-up were obtained from appropriate research ethics committees at Northwick Park and Central Middlesex hospitals.
Laboratory Assays
Blood was collected, centrifuged within 2 hours of test completion, separated, and plasma frozen at Ϫ70°C until analysis. Plasma cholesterol, high-density lipoprotein cholesterol, triglyceride, and nonesterified fatty acid concentrations, measured in whole plasma by an automated enzymic assay, and fatty acid composition of total plasma lipids were determined on blood collected into lithium heparin at baseline and measured within 6 months of collection, as described previously. 14 Fatty acid methyl esters were separated on a 25-rn CPSiI88 capillary column (Chromopak) by using hydrogen as the carrier gas in a split ratio of 50:1. Chromatograms were integrated on a Shimadzu CR1 B integrator (Dyson Instruments). Fatty acid methyl esters were identified by comparison with authentic standards obtained from Sigma and expressed as absolute amounts of total fatty acid esters (weight percentage). An internal standard of pentadecanoic acid was used to facilitate the quantification of fatty acid concentrations.
Arterial Stiffness
Arterial stiffness, measured at baseline, was determined by measuring aortic PWV using Doppler probes, as described previously. 16 Briefly, 2 continuous-wave Doppler probes were used, one clamped at the base of the left side of the neck to insonate the root of the left subclavian artery and the other used to insonate the abdominal aorta, above its bifurcation in participants lying flat for Ͼ5 minutes. This maximized vessel length for the waveforms while minimizing reflection artifacts from smaller resistance-vessel beds. Signals from the foot of the proximal to the foot of the distal waveform generated transit times over the measured cutaneous distance (sternoclavicular notch to distal probe), giving PWV (meters per second). The technique has excellent 1-and 3-month repeatability. 18 Three brachial blood pressure (BP) measurements were taken before and 3 after the PWV measurement with a random 0 sphygmomanometer and a large cuff where appropriate (Ͼ33 cm).
Statistical Analysis
The baseline data were analyzed with the statistical package Intercooled Stata. 19 Arithmetic, geometric means or medians (for skewed data) were used. Comparison of means is by t test on log-transformed data, Wilcoxon signed rank-sum test for nonparametric data, ANOVA, or 2 test. Correlations between continuous variables used Spearman coefficients and mortality analyses with person-years of follow-up, via Cox stepwise proportional hazard models.
To generate groups of variables that may interact and to analyze these appropriately, principal component analysis (PCA) was performed on the correlation matrix of the 10 measured fatty acids listed in Table 2 . PCA is a data reduction technique that produces successive linear combinations of the variables, each accounting for as much of the remaining variance of all of the fatty acids as possible. For the 10 measured plasma fatty acids, it allows a description of the major fatty acid patterns in the data. Using the "pca" command in Stata, the factor loadings for the components and factor scores were calculated for each individual, extracted, and used for analyses. A higher score indicated that individuals had a fatty acid pattern described by the component more commonly than those with a lower score. The "mineigen" and the "fapara" commands were used to determine the number of factors to retain. The first 5 components were highly correlated with their corresponding component derived from each sample, but the rest were not and were then excluded from the remaining analysis. Each individual's age, ethnicity, and gender were included with the 10 fatty acids in these analyses.
Not all of the measurements were obtained on all of the individuals, accounting for the discrepancies in the numbers of individuals analyzed. Model numbers varied depending on the variables included, with any missing values leading the participant to be dropped from the model.
Results
A total of 174 participants had PWV measured at baseline. Those who died were older, with higher mean systolic BP (SBP; 146 versus 136 mm Hg), and had 10% greater PWV (mean difference: 1.8 m/s; 95% CI: 1.0 to 2.6 m/s; Table 1 ). We found no significant differences in age-and genderadjusted Figure 1 shows the distribution of fatty acid levels by ethnicity and tertile of PWV (minimum: 8.59 m/s; middle: 8.60 to 10.56 m/s; maximum: 10.57 m/s). The proportion of DHA was lowest in Gujaratis, especially in the highest tertile of PWV. EPA was highest in African-Caribbean subjects. After adjusting for age, gender, and ethnic group, the proportion of DHA (22:6n-3) was lower in those who died, but that of oleic acid was higher. No differences were noted in comparisons using the other fatty acids.
Correlations With Fatty Acid Composition
DHA (rϭϪ0.22; Pϭ0.02) and AA (rϭϪ0.25; Pϭ0.007) were inversely related to PWV, but no relationship was found with EPA, dihomo-␥-linoleic (20:3n-6), linoleic, oleic, or stearic acids. In partial correlation analyses, the correlations between PWV and DHA (rϭϪ0.18; Pϭ0.047), as well as AA (rϭϪ0.17; Pϭ0.07), were borderline independent of age, gender, and ethnic group. There were no significant correlations between SBP and individual fatty acids.
PWV and Other Metabolic Indices
As expected, there were highly significant positive relationships between PWV and age (rϭ0.56; PϽ0.0001), SBP (rϭ0.57; PϽ0.0001), and diastolic BP (rϭ0.25; Pϭ0.0007). The relationships were weak with fasting glucose (rϭ0.13; Pϭ0.09), nonesterified fatty acid (rϭ0.14; Pϭ0.09), and triglycerides (rϭ0.14; Pϭ0.07) and inverse with height (rϭϪ0.14; Pϭ0.07) and apolipoprotein A1 (rϭϪ0.20; Pϭ0.07). There were no relationships between PWV and waist or with levels of total high-density lipoprotein, lowdensity lipoprotein cholesterol, triglyceride, fibrinogen, or factor VIIc.
Principal Component Analyses
Principal component analyses, including ethnicity, age, gender, and the 10 major fatty acids, identified 5 components that explained 71.6% of the variation in these variables in the study population (please see the data supplement available online at http://hyper.ahajournals.org). For example, component 4, characterized by higher proportions of AA, EPA, and DHA and lower proportions of linoleic, oleic, and palmitic acids (Figure 2 ), was inversely related to PWV (rϭϪ0.46; PϽ0.0001), SBP (rϭϪ0.33; PϽ0.0001), and smoking (rϭϪ0.25; Pϭ0.001; Table 3 ).
Mortality
Participants were followed-up for a median of 19.6 years (2983 person-years) with 58 recorded deaths (in 174 participants [33%]), 34 from cardiovascular causes. Crude mortality rates for both genders combined were 20.0 (95% CI: 15.5 to 25.9) deaths per 1000 person-years overall, 31.9 (95% CI: 21.7 to 46.8) in European (26 deaths), and 19.9 (95% CI: 13.4 to 29.4) and 8.5 (95% CI: 4.0 to 17.8) per 1000 person-years in Gujarati and African-Caribbean subjects (25 and 7 recorded deaths), respectively. Those in the highest tertiles of PWV (Ͼ10.6 m/s) had greater mortality ( Figure 3A) . Participants in the upper tertiles of oleic and palmitic acids had greater mortality rates (adjusted to the mean age of 60 years) than those in the lowest tertiles. Conversely, those in the upper tertiles of EPA (20:5n-3) and DHA (22:6n-3) had better age-adjusted survival estimates ( Figure 3B ).
Relationship Between Mortality and Fatty Acid Component
The pattern of higher polyunsaturated fatty acid and lower saturated fatty acids (component 4) was associated with reduced mortality (hazard ratio 
Discussion
Most previous studies relating arterial stiffness to increased mortality have been conducted in older subjects with hypertension or overt vascular disease (renal and coronary). The present study develops our previous work 16, 17 to show that measurement of PWV predicts mortality in our small but originally healthy community "control" population, as then confirmed in 1 US and 2 European large, community-based studies. 20 -22 The role of fat composition in relation to risk of cardiovascular disease has been a subject of intense debate for Ͼ50 years. The World Health Organization 23 concluded that there was convincing evidence for a protective effect of linoleic acid, EPA, and DHA and that intake of the saturated fatty acids myristic and palmitate were related to increased risk. It has been demonstrated that the latter 2 fatty acids raise serum cholesterol compared with unsaturated fatty acids. However, EPA and DHA do not lower serum cholesterol and are believed to affect the risk of cardiovascular disease by effects on vascular function. Dietary linoleic acid is known to lower low-density lipoprotein cholesterol with high proportions of linoleic acid in serum cholesteryl esters inversely related to cardiovascular disease and total mortality. 11 A meta-analysis 24 assessing the effects of n-3 fatty acid intake on cardiovascular and total mortalities found substantial variations between studies, with the pooled estimate showing no clear evidence of reduced risk.
High intakes of saturated fatty acids combined with a low linoleic acid result in increases in the proportions of palmitic, palmitoleic, and oleic acids. In contrast, the proportions of EPA and DHA in plasma lipids are determined mainly by intake of preformed DHA, especially from fish, but are negatively influenced by the intake of linoleic acid. [12] [13] [14] The conversion of ␣-linolenic acid to DHA is not a major determinant of variations in the proportion of DHA in plasma lipids. 13 AA is synthesized from linoleic acid more efficiently but may also be obtained from meat and fish. There were marked differences between the ethnic groups in fatty acid composition. The high proportions of linoleic acid in the Gujarati subjects who were all vegetarians reflect high intakes of linoleic acid-rich vegetable oils. Higher proportions of EPA and DHA among African Caribbeans are likely to be derived from fish. The markedly lower DHA in Gujaratis is consistent with a vegetarian diet virtually devoid of this fatty acid. 12 PCA here identified different clusters of dietary fat composition and then associated these clusters with arterial stiffness and all-cause mortality. Although the relationship between reported fatty acid intakes and arterial stiffness has been published by a few studies, 6, 8, 25 the impact of actual fatty acid composition on PWV has not. One study by Nishizawa et al 26 showed an independent inverse relationship correlation between the EPA concentrations in the red blood cell phospholipid fraction and PWV between the brachia and ankles. The results that we report are consistent with the previous evidence and provide a mechanism through which these fatty acids may act.
We identified a cluster of fatty acids where the proportions of 16:0, 16:1, and 18:1 were greater, whereas those of 18:2 n-6, 20:3 n-6, and 20:4 n-3 were lower. This pattern would be that expected on a diet with a low polyunsaturated:saturated fatty acid ratio and would be associated with increased risk of death from coronary heart disease, as in many earlier reports. 27, 28 A second cluster was identified, characterized by high proportions of EPA, AA, and DHA, that was associated with decreased PWV and SBP but a markedly low risk of all-cause mortality independent of PWV. High intakes of long-chain n-3 fatty acids lower BP, 29 The findings presented here are novel and important but are limited by the small sample size and its consequent impact via possible type 2 errors. The analytic method used, PCA, is a widely applied tool used to summarize common patterns of variation among groups of variables. One of its disadvantages is that the estimated total variance calculated is not separated into common or unique variance; rather, the component is a complex function of the variables.
In conclusion, plasma fatty acid composition, particularly a pattern of higher polyunsaturated fatty acid and lower saturated fatty acids, appears to predict cardiovascular mortality independent of the impact of PWV. The results here support current recommendations to reduce the intake of saturated fatty acids. The data also suggest that long-chain polyunsaturated fatty acids or their dietary source (oily fish) have an independent effect on decreasing mortality.
Perspectives
Mechanisms controlling vascular tone are influenced by dietary factors, with qualitative differences in types of dietary fat emerging as potentially important. Fish oil fatty acids modulate vascular reactivity postprandially, potentially improving vascular tone. 31 The data suggest that, across groups with different dietary fat patterns, individuals with higher plasma long-chain polyunsaturated fatty acids, eg, EPA (20:5n-3) and DHA (22:6n-3), not only have lower arterial stiffness as measured by PWV but also have slower mortality over long-term follow-up compared with those with traditional profiles higher in saturated fatty acids. The effects are likely to be either direct on endothelial metabolism or by altering membrane structural properties across the vascular wall. 
